The pace of Arctic warming is about double that at lower latitudes -a robust phenomenon 9 known as Arctic amplification (AA)
Arctic amplification (AA) [1] [2] [3] [4] [5] [6] [7] [8] is a robust feature in observations of the recent past 7, 8 , paleo-climate 26 reconstructions of the distant past 11 , and model projections of the future 12 . The majority of near-27 surface AA can be explained by feedbacks associated with a diminished sea-ice cover 7,13-15 . Higher 28 in the atmosphere however, the contribution of sea-ice loss to AA is less well constrained 7, 8, [13] [14] [15] , in 29 part because the atmosphere response to sea-ice loss appears non-linear and state-dependent [16] [17] [18] [19] . By 30 state-dependent we mean that a similar sea-ice anomaly can lead to a different atmospheric 31 response depending on the background ocean-atmospheric state. To date, such state dependencies 32 have generally been attributed to random internal variability 18 . However, known cycles in the 33 ocean-atmosphere coupled system could have a predictable modulating influence on the 34 atmospheric response to sea-ice loss. Here for the first time we present evidence suggesting that the 35 Pacific Decadal Oscillation (PDO) modulates the atmospheric response to sea-ice loss. The PDO is 36 a dominant pattern of sea surface temperature (SST) anomalies that typically persists in 37 predominantly one phase for longer than 10 years (sometimes with temporary reversals to the 38 opposite state) and has wide-ranging effects on global weather and the Pacific ecosystem 20 . The 39 PDO is not a single phenomenon, but is instead the result of a combination of different 40 physical processes [21] [22] [23] , including stochastic variability of the Aleutian Low, remote tropical forcing 41 and local North Pacific air-sea interactions (see Supplementary Discussion), which can operate on 42 different timescales to drive similar PDO-like SST anomaly patterns [21] [22] [23] (Supplementary Figure 1) . 43
44
The winter PDO index (Fig. 1a) 2012/13. In winter 2013/14 the PDO shifted abruptly back to a positive phase and was followed in 47 inhomogeneity) rather than solely the PDO phase. Assuming that warming scales linearly with sea-78 ice area loss, we would expect approximately 25% greater warming in PDO-compared to during 79 PDO+. In fact, the observed warming is 75%-150% greater. The additional warming appears to 80 arise from the dependence of sea-ice-induced warming on PDO phase. This hypothesis is difficult 81 to test using observations alone, as statistical association need not imply causation (e.g., interactions 82
between Arctic warming and sea-ice loss are two-way), and other confounding factors cannot be 83 discounted. The results of the observational analysis, however, motivate further study with custom-84 designed model simulations, which we show provide strong physical support for our hypothesis. Figure 1 ). The prescribed anomaly pattern is similar to the observed composite-mean differences in 94 sea-ice and SST ( Fig. 2a-d ), but with larger magnitude to obtain a more robust simulated response. 95
The atmosphere-only framework has the distinct advantage that sea-ice and SST fields can be 96 perturbed in a controlled way, to isolate their influences on the atmosphere. The major weakness of 97 this approach, however, is that it fails to capture coupled atmosphere-ocean-ice interactions and 98 feedbacks, which may modify the atmospheric response 28 . 99
100
We now compare the simulations with LI and HI conditions separately for both PDO phases. and north of the regions of winter sea-ice loss (Fig 2e) , indicating it is not caused directly by 126 enhanced local surface heat flux changes, which are largely confined (by design) to areas of sea-ice 127 loss. Instead they are caused by advection of warmed (and moistened) air into the central Arctic 128 from the regions of sea-ice loss. To better understand how the PDO phase may influence theresponse to sea-ice loss, Fig. 4c (and arrows only in Fig. 4b ) presents the direct response to the PDO 130 ([PDO--PDO+] LI,HI ). The PDO phase clearly influences the winter-mean atmospheric circulation, 131 principally over the Pacific Ocean (Fig. 4c, arrows) , and its influence also extends into the Arctic 132 (Fig. 4b, arrows) . Anomalous southerly winds occur during PDO-over the central North Pacific 133 (reflecting a weakened Aleutian Low), which advect air warmed by wintertime sea-ice loss in the 134
Sea of Okhotsk and Bering Sea into the central Arctic. Similarly, anomalous westerly and southerly 135 flow south and east of Greenland during PDO-advects air into the central Arctic that has been 136 warmed by sea-ice loss in the Labrador Sea, Baffin Bay and Greenland Sea. We argue that 137 enhanced ice-loss-driven Arctic warming during PDO-, relative to PDO+, partly arises because the 138 atmospheric circulation during PDO-is more effective at transporting sea-ice-driven temperature 139
anomalies from the peripheral Arctic seas into the central Arctic. Greenland during PDO-, which further enhance warming in these regions. In short, both the mean 146 circulation during PDO-relative to PDO+ and the sea-ice-driven circulation anomalies during 147 PDO-relative to PDO+ are conducive to warm air advection into the Arctic. This behavior offers a 148 physical explanation for the enhanced Arctic warming response observed both in our model 149 simulations and in the real world. 150
151
We emphasize that the enhanced Arctic warming response in PDO-relative to PDO+ is not a direct 152 response to the PDO shift, but rather is an indirect modulation by the PDO of the atmospheric 153 response to sea-ice loss. The PDO has only a weak direct effect on central Arctic temperatures (Fig.  154 4c, shading) and therefore, the dominant effect of the PDO in the Arctic is indirect through itsinfluence on wind patterns, which in turn affects the magnitude of Arctic warming owing to sea-ice 156 loss (Fig. 4b, shading) . 157
158
Returning to the zonally-averaged response to sea-ice loss, we find significantly elevated 159 geopotential heights at high latitudes, increasing in magnitude with altitude, under both PDO phases 160 (Fig. 3d,e; (Fig. 3c) . In the 30°N-55°N latitude band, heights decrease significantly, most strongly at upper 164 levels, consistent with a compensating descending motion (Fig. 3c,d ). During both PDO phases, 165 sea-ice loss causes weaker westerlies centered near 55°N and stronger westerlies near 35°N ( Discussion), improved understanding of such interactions between natural variability and forcedsea-ice change may improve our ability to predict decadal variability and trends in Arctic and sub-182 Arctic climate. We speculate that the observed recent shift to the positive PDO phase (Fig. 1a) , if 183 maintained and all other factors being equal, may act to temporarily reduce the pace of wintertime 184
Arctic warming in the near-future. 
